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Finland (62˚N, 29˚E). The effects of alternative forest management on the carbon 32 dynamics in the bio-system were studied in comparison with the fossil-system, by 33 using an unmanaged and baseline thinning regime. The results showed that the bio-34 system produced carbon benefits compared to the similar system with the use of fossil-35 fuel intensive materials and energy. The unmanaged stand stored the highest amount of 36 carbon and retained carbon the longest when solely the ecosystem was considered. 37
Studying the ecosystem and the technosystem together, the bio-system was found 38 effective in storing and increasing the residence of carbon with or without changing the 39 life span of biomass-based products. We found that the increase of the life span of 40 biomass-based products could reduce emissions up to 0.28 t CO 2. ha -1 .year -1 depending 41 on the management regimes over the study period. The increased stocking regimesD r a f t
Introduction 51
Forests and forest biomass offer several ways to mitigate climate change, for example 52 by (i) increasing the carbon density in existing forests (i.e., ecosystem) and (ii) 53 increasing the use of biomass-based products in order to increase both carbon stored in 54 products (i.e., technosystem) and substitution of fossil carbon. Thus, the substitution of 55 fossil-fuel intensive materials and energy with renewable forest biomass is a feasible 56 option in limiting the emissions of carbon dioxide (CO 2 ). In the forest ecosystem, 57 atmospheric carbon is sequestrated by the growing trees, and the carbon stored in 58 biomass is released back to the atmosphere in the detritus cycle, where carbon in trees 59 is transferred to soil in the form of litter for decay. Similarly, carbon in forest biomass 60 used in the technosystem for materials and energy is emitted into the atmosphere 61 through the combustion and degradation in time perspective (i.e., residence time) 62 specific for different materials (Gustavsson et al. 2006 ; Kilpeläinen et al. 2013 ). The 63 amount of CO 2 in the atmosphere is, therefore, affected through a balance between 64 uptake and emission processes occurring in both the ecosystem and technosystem (e.g., 65 Alam et al. 2013; Sathre et al. 2013 ; Kilpeläinen et al. 2013) . 66
The potential of the forest ecosystem to sequester and store carbon depends on 67 the tree species, the growing conditions, and management controlling the overall 68 ecosystem dynamics (Dixon et al. 1994 (intensity) affects the yield and share of timber (i.e., pulpwood and sawlogs), thus 73 affecting the potential role of forest biomass in substituting fossil intensive materials 74 ; Smyth et al. 2014) . 75
In general, the carbon storage in the forest ecosystem is largest in the 76 unmanaged mature or old-growth forests (e.g., Klein et al. 2013 ), thus giving an 77 ultimate reference to identify the management and harvest effect on the carbon 78 sequestration in the forest ecosystem. Carbon balance in unmanaged forests reach to a 79 stable phase (at mature stage) between the carbon uptake in net production and carbon 80 emissions in heterotrophic production (heterotrophic respiration) from decaying litter 81 and humus. In such forests, net production refers to the ingrowth of seedlings and their 82 growth in canopy gaps created by the death of trees in the long-term dynamics between 83 regeneration, growth, and mortality. Until now, the carbon dynamics in mature 84 unmanaged forests is poorly known, but Luyssaert et al. (2008) , for example, claim 85 that "old-growth forests with tree losses do not necessarily become carbon sources, as 86 has been observed in even-aged plantations". 87
When evaluating climate impact for timber production and utilization, it is 88 important to consider factors such as net sequestration, degradation/combustion and 89 substitution effects of forest products as integrated. In this respect, carbon residence 90 time is a useful way to track and identify carbon bound in forest growth (Kellomäki et In this context, we investigated the net climate impacts of the production and 99 use of timber in substituting fossil-fuel intensive materials and fossil energy. This was 100
producing and providing raw material and manufacturing raw material to materials in 151 terms of carbon dioxide (CO 2 ). In estimating embodied emissions, the productivity and 152 fuel consumption of necessary machines are based on the available literature (Table 1) . 153
With regard to reabsorption of CO 2 during the life span of concrete, 8% of that emitted 154 in the production was re-fixed by carbonation (Gajda 2001 
Net climate impacts (I) 160
The difference in net CO 2 exchange between fossil-system (I FOS ) and bio-system (I BIO ) 161
gives an annual value indicating the net climate impact, I (Equation 1) (Kilpeläinen et 162 al. 2011; . The value of the net climate impact can be positive or negative. 163
The negative net climate impact indicates that the bio-system is producing lower 164 emissions compared to its corresponding fossil-system, while a positive impact means 165 that produced emissions are higher for the bio-system. 166
167

Net climate impact (I) = Bio-system (I BIO ) -Fossil-system (I FOS )
(1) 168
169
To calculate the net climate impacts (I), we estimated the annual net CO 2 exchange for 170 both bio-system (I BIO ) and fossil-system (I FOS ), including the flow of carbon in an 171 ecosystem (NEE) and technosystem (NTE-B or NTE-F). The equations are provided in 172 Table 2 for bio-and fossil-system.  173   174   Place for Table 2 . In the bio-system, net technosystem CO 2 exchange (NTE-B) was calculated following 222 the Equations (4), including the carbon emitted in management, biomass harvest, 223 logistics and manufacturing (C man ) and the carbon emitted from the use of biomass-224 based products (C bio ). The biomass from each thinning and final felling was assorted 225 D r a f t into energy biomass and timber. In converting timber for pulp and sawn wood, the 226 emissions represent heat and electricity needed in milling processes. First, the timber 227 was assorted into pulpwood and sawlogs; i.e., the diameter of stem part >17 cm 228 indicates sawlogs and the diameter 6.5-17 cm of stem part pulpwood. The rest of stem 229 < 6.5cm of diameter (stem top) remains in the forest ecosystem as branches, needles 230 and stump-root system. Thereafter, the pulpwood and sawlogs were converted into 231 usable form of pulp and sawn wood. The emissions from the use of biomass-based 232 products (C bio ) were calculated by applying Equation (8) way that short-life corresponds to the use pulp and long-life was for sawn wood (Table  241 2). Carbon in waste wood originating from pulpwood and sawlogs is released 242 completely in the first year of their use. 243
244
In the fossil-system, the calculation of net technosystem CO 2 exchange (NTE-F) 245 followed the Equation (7), where C seq-con represents carbon sequestered in concrete and 246 
Sensitivity analysis 275
Sensitivity analysis was done in order to assess the efficiency of carbon management in 276 the forest ecosystem and in the use of forest-based carbon in materials in substituting 277 fossil-fuel intensive materials. In the sensitivity analysis, the thinning intensity with 278 increasing/decreasing stocking in relation to baseline thinning regime indicated how 279 sensitive the net climate impact was to the management (Table 3) , with changes in the 280 subsequent potential to replace fossil-fuel intensive materials in the technosystem. In 281 the technosystem, the sensitivity of net climate impacts were analyzed by changing the 282 share of waste wood and the life span of the products in use. In the reference situation, 283 the share of waste wood in pulping and sawing was 50% of the total timber used in 284 milling process (Sipi 2002) . In both cases, the value of waste wood was reduced to 285 30% or increased to 70% (Table 3) . 286
Furthermore, the life span of products based on pulp and sawn wood was 287 changed, applying the half-life approach, i.e., the year when half of the original mass 288 was lost in use under the changed degradation rate compared to the reference situation. 289
The reference life span for sawn wood was used based on the IPCC greenhouse gas 290 reporting for Finland (Statistics Finland 2015). The reference life span value used for 291 pulp was three times longer than that reported, assuming that pulp fibers are reused 5-7 292 times, with a 70% collection rate of original fibers (Finnish Forest Industries 2015). 293 294 Place for Table 3 . 295 
Carbon stocks in ecosystem and technosystem 314
Ecosystem carbon stocks 315
Over the 160-year simulation period, the average CO 2 stocks in trees and soil were the 316 highest (445 and 197 t CO 2 .ha -1 ) in the stand without management, while under the 317 baseline thinning the average CO 2 stock in trees was 191 and 111 t CO 2 .ha -1 in soil 318 (Figure 3a ). Compared to baseline thinning, the increased stocking enhanced the 319 average ecosystem carbon stocks (both in tree and soil) by 17%, while the decreased 320 stocking reduced by 21% the average CO 2 stock in the ecosystem. (Table 4 ). In both the first and second rotation, the mean 357 residence time of ecosystem carbon was the highest under no management, but it was 358 the lowest when carbon in the technosystem was added in the calculation. In the 359 ecosystem and technosystem together, the highest value was for management with the 360 baseline thinning (Table 4) . 361 362 Place for Table 4 . 363
364
In the ecosystem, the mean carbon residence time over the whole simulation period 365 increased by about 11% for management with increased stocking and decreased by 366 about 18% for decreased stocking compared to baseline thinning. In the technosystem, 367 the carbon residence time was the highest for the decreased stocking in the ecosystem 368 due to higher intensity of biomass flow from the ecosystem to the technosystem. 
Discussion and conclusions 443
This study investigated the net climate impacts when forest biomass (bio-system) was 444 used to substitute fossil-fuel intensive materials and energy (fossil-system). The net 445 climate impact was calculated by comparing the net CO 2 exchange between the fossil-446 and the bio-system, where both the systems produced similar output in terms of 447 materials and energy. The net CO 2 exchange included the emissions from production, our analysis (i.e., difference in sequestration/emissions between alternative systems) 497 resulted a value lower to them. When baseline thinning was used in reference fossil-498 D r a f t system, the highest net climate benefits were gained for the bio-system that used the 499 increased stocking regime, while a decreased stocking regime appeared to give lower 500 net climate benefit than in the baseline. This is caused by a higher number of thinning 501 in decreased stocking regime compared to others, thus reduced the production potential 502 of forests and on-site carbon storage, especially during the last part of the rotation 503 Our results showed that the decrease in carbon residence time in ecosystem 505 caused by extracting timber from forests could be compensated for by increasing 506 carbon stocks in the technosystem carbon pools. The highest mean carbon residence 507 time in the ecosystem was found under the unmanaged regime, while in the 508 technosystem it was the highest under the decreased stocking regime, because carbon 509 flow increased from the ecosystem to the technosystem in this regime due to increased 510 intensity and number of thinnings. Nevertheless, decreased stocking regime could not 511 increase the net climate impact mainly due to the fact that development of carbon stock 512 based on long-life products (i.e., sawn wood) was reduced in this regime unlike other 513 studied managed regimes. However, assessing the technosystem and the ecosystem 514 together, carbon residence time increased substantially in managed stands (Skog et al. 515 2014), mostly under the baseline thinning regime. If the temporal aspects are taken into 516 account, the climate benefits due to substitution started to gain after the first thinning 517 (time taken 31-37 year since stand establishment), which continued to increase over 518 time due to accumulated utilization of harvested biomass, in line with the studies 519 published earlier (see e.g., Sathre et al. 2013; Haus et al. 2014 ). However, the major 520 share of benefits was obtained mainly during the second rotation if the substitution 521 benefits gained during the first rotation were accumulated for the whole study period 522 (160-year). But, the benefits may be realized more quickly if the analysis were 523 D r a f t 22 extended to a regional or national level with constant biomass supply and carbon 524 sequestration (Kilpeläinen et al. 2015) . 525
Our analysis at stand level fits well the objective of the study since it could 526 follow the difference in carbon dynamics between the fossil-and the bio-system as 527 well as identify emissions those were sourced from the production phase of materials 528 to the phase until their end use. There can be used other materials from forest biomass 529 than the ones used in our study, but drawbacks to this are to define equivalent in 530 functionality for alternative materials replaced and lack of comparative studies that 531 include complete material information (Smyth et al. 2014 ). Our use of alternative 532 materials for sawn wood (in concrete and steel) and pulp (e.g., in disposable plastic 533 cups or packaging) seem reasonable (Hocking 1994 coal). When replacing coal, additional substitution benefits are gained in the bio-537 system since emissions for pulp products are already counted earlier and at this point 538 of their use they can be assumed carbon neutral. Our sensitivity analysis also revealed 539 that efficient use of wood products could gain substantial benefits given that they retain 540 carbon longer over time in the biosphere, from 14-20 years in the reference life span 541 up to 32-40 years in the long-life span, resulting an increased net climate benefits. But 542 all these affects are strongly linked with forest management activities and its further 543 effect on carbon sequestration capacity of forest ecosystem. In order to realize their 544 positive impacts on climate there is a need for development in both forest management 545 and timber utilization activities (Soimakallio et al. 2016) . 546
To summarize, we found that decrease in carbon stocks in ecosystem caused by 547 extracting timber from forests could be compensated for by increasing carbon stocks in 548 
